INTRODUCTION
The limited capacity of nodes' battery and the quality of links between nodes represent constraints for routing in multihop wireless networks [1] . In such networks, nodes are capable of freely and dynamically forming a self-configuring wireless network without any preexisting infrastructure. Neighbor nodes can directly communicate with each other via wireless links using radio interfaces [2] . On the other hand, non-neighbor nodes can communicate by using routing protocol to send packets via intermediate nodes over multihops before reaching to the destination. Thus, each node can act as a router that forwards packets to the next hop. The efficiency of routing protocols in terms of quality of service (QoS) and energy consumption should be considered for assurance of data transmission using radio interfaces [3] .
Multipath routing protocols find a set of paths between source-destination pairs. The existing multipath routing protocols were proposed based on the existing reactive and proactive protocols. These multiple paths can provide a variety of benefits in mobile ad hoc networks (MANETs) such as load balancing, fault tolerance, and enhanced bandwidth. Many researchers also focused on energy-efficiency and QoS related issues and innovate concepts and novel techniques [4] . The typical multipath routing schemes are categorized into three categories, namely, proactive, reactive and hybrid. The latter category includes the conventional Multi-PathOptimized Link State Routing protocol (MP-OLSRv2) [5, 6] which is the most focused of this research.
The IETF [7] has standarized OLSRv2 [8] as proactive protocol for MANETs, and a successor to OLSR. MPOLSRv2 is proposed in [5, 6] as a multipath extension to OLSRv2. It modifies the Multipath Dijkstra Algorithm to find multiple disjoint paths among source-destination pairs. Additionally, it implemented two auxiliary techniques, route recovery and loop detection, to enhance QoS. The conventional MP-OLSRv2 has been selected as the base work for the proposed scheme in this study. According to [5] , the standardization process of the MP-OLSRv2 is currently in progress. There are three implementations of this hybrid multipath protocol, specified in its standardization draft, for both testbed and simulation use [6, 9] . In this paper, the proposed scheme based on this conventional MP-OLSRv2 implementation [6] , using EXata simulator [10] .
Same as OLSRv2, the conventional MP-OLSRv2 uses a multipoint relays selection mechanism (MPR) for flooding topological information and optimizing control traffic. This mechanism is inefficient in terms of energy consumption because MPR nodes are selected based on the Willingness concept, where each node shows its intention to be selected as MPR; all nodes have (WILL_DEFAULT) willingness value to serve as MPR nodes without utilizing the other willingness values. In addition, this mechanism does not consider the variation of node resources (eg. battery level). Basically, MPR deplete their batteries faster than other nodes in the network. This is because MPRs are always selected as intermediate nodes to forward packets to the destination. Moreover, in MPOLSRv2, the path with lowest number of hops is considered as the best path. However, this is not always correct and can degrade the network performance because it ignores the links quality which depends on the congestion degree and status of nodes in terms of energy reserve and activity [11] . Many protocols in the literature addressed the QoS and energy consumption for efficient routing. Some of them substantially enhanced the performance of routing in MANETs. Nevertheless, there is no focusing on tradeoff between QoS and energy efficiency.
Preliminary results have been published in [12, 13] , exploring other modifications of MP-OLSRv2. We have proposed a Multipath Battery and Queue-Aware routing protocol (MBQA-OLSR) [14] . We made essentially two modifications to MP-OLSRv2: we have modified the criteria of MPRs selection, and the multi-path computation algorithm. The proposed routing scheme enhanced the hybrid MPOLSRv2 routing protocol to provide efficient and reliable multiple routes to the destination based on the quality of links between source-destination pairs. This was accomplished by proposing a new link assessment function to rank the quality of links based on a new Multi-Criteria Node Rank metric (MCNR) related to energy and QoS awareness. Moreover, a new energy-aware MPR selection mechanism called EA-MPR is developed to select the MPR set in the MBQA-OLSR, and this set plays a role in optimizing the topological information flooding according to the energy resources and node's status. This paper defines the design and implementation issues of the MBQA-OLSR protocol and provides a summary of some of our current simulation results for traffic load-based performance evaluation of MBQA-OLSR when compared against other conventional routing protocols namely MPOLSRv2 and MPQ-OLSRv2.
The remaining part of this paper is structured as follows: The next section discusses the background of OLSRv2 and MP-OLSRv2. Section 3 introduces a brief review of MBQA-OLSR functionalities and its core operation. The implementation of the MBQA-OLSR is discussed in in Section 4. The analysis of the simulation results is discussed in Section 5. Finally, a conclusion is drawn up in Section 6.
II. BACKGROUND

A. OLSRv2 Routing Concepts
OLSRv2 is an update and successor to OLSR as published in RFC3626. Currently, there is an active community around OLSRv2, and a proposed standard draft has been defined in RFC7181 by IETF MANET working group [8] . The OLSRv2 is one of the main proactive routing protocols of MANETs. The OLSRv2 modifies the first version of OLSR by extending some generalized building blocks such as the MANET NeighborHood Discovery Protocol, the Generalized MANET Packet/Message Format, the Type-Length-Values and, optionally, Message Jitter.
OLSRv2 can operate independently from other protocols. It does not make any assumptions about the underlying linklayer, however, it may use link-layer information and notifications when existing and being applicable. The OLSRv2 exploits both HELLO and TC messages as basic control packets. Generally, it performs three (3) main processes: (i) Neighborhood Discovery, (ii) MPR Flooding, and (iii) Link State Advertisements.
B. MP-OLSRv2
The MP-OLSRv2 modified the Dijkstra Algorithm by including two cost functions to determine multiple disjoint or non-disjoint paths. HELLO and TC messages are sent out periodically to make nodes aware of the frequent changes in the network topology. However, it differs from OLSR in the sense that MP-OLSRv2 not always keeping a routing table to all the possible destinations. It computes the routes based ondemand (only if want to send data packets). The MP-OLSRv2 is the only OLSR-based routing protocol which proposes a technique to increase the probability of creating multiple node-disjoint paths [16] . It maintains several paths between source-destination pairs, one of them will be the primary path and the rest are backup paths. Furthermore, MP-OLSRv2 utilizes IP source routing, thus it is compatible with both versions of OLSR.
In addition, a modified version of the conventional MPOLSRv2 has been proposed in [17] , and it is labeled as MultiPath Queue-based OLSRv2 (MPQ-OLSRv2) in this paper. It uses the queue length as a metric for assessing the quality of links and computes multiple routes. The MPQOLSRv2 exploits a linear weight function to determine the cost of links between node pairs according to length of queue which is normalized into integer values between [0, 255] to avoid the overflow of 1-byte space. This space is specified to attach the queue length information to the HELLO and TC messages for making other nodes in the network aware of the queue length at the local node. Then the queue length-based cost is used as the initial cost of the links in the multipath Dijkstra Algorithm. This modified scheme keeps all other functionalities of the conventional MP-OLSRv2. More details about the implementation and evaluation of the MP-OLSRv2 can be found at [5, 6, 17, 18] .
III. MBQA-OLSR FUNCTIONALITIES
We have proposed MBQA-OLSR as a hybrid multipath routing protocol in [14] . For the purpose of making this paper self-contained, we present a summary of some functionalities of the MBQA-OLSR in this section. The MBQA-OLSR introduces some appropriate modifications to solve some energy and QoS issues in the conventional MP-OLSRv2. It keeps and benefits from some functionalities of MP-OLSRv2, while modifies others. Like MP-OLSRv2, the MBQA-OLSR is a hybrid multipath routing protocol. It behaves as a proactive routing protocol by sending HELLO and TC messages periodically to announce network topology. However, it behaves as a reactive routing protocol when computing multiple routes to the destination only when there are data need to be sent. It maintains multiple routes for the same pair (source, destination).
In order to maintain the QoS requirements and improve the energy efficiency of the MBQA-OLSR, it employs a new energy-aware MPR selection mechanism (EA-MPR) to select the MPR set based on the node's lifetime and the idle time duration of nodes to optimize the topological information flooding according to energy resources and node's activity status. In addition, the MBQA-OLSR exploits a new MCNR metric to assess the link quality of path between the source and destination according to the status of node in terms of residual battery, idle time, and queue length as a measure of the battery energy level and the traffic load at the node. The MBQA-OLSR chooses the nodes with sufficient remaining battery energy, long duration of idle time, and low congestion degree to construct reliable multi-paths between sourcedestination pairs by using a new link cost function.
The MBQA-OLSR utilizes several models at different layers (Physical, MAC, and Network Layers) to get the required values of metrics and parameters of each node for performing different tasks. These models including Energy Model, Battery Model, Node Lifetime Model, and Queuing Model, pass the instantaneous values of parameters of each node. The extract values of these parameters will be used to select the best MPR set, and estimate the MCNR value based on the considered metrics for assessing the quality of links and finding the optimal paths to a destination.
A. EA-MPR Selection Mechanism
In MBQA-OLSR, the main focus is the willingness concept, which is represented by five numerical values for five willingness level start at WILL_NEVER "0" until WILL_ALWAYS "15". It indicates the willingness of nodes to contribute as an MPR. In the conventional MP-OLSRv2, OLSRv2 and OLSR as well, nodes have similar willingness value equal to WILL_DEFAULT "7". This means that the nodes' willingness which represents a core factor to choose MPR set, is not exploited properly. Therefore, a new willingness setting mechanism for the MPR selection in the developed MBQA-OLSR, known as EA-MPR, is introduced in our previous work [14] . In contrast to the existing modifications of MPR mechanism in the literature, the EA-MPR mechanism exploits the lifetime (LT) and the idle time (T idle) of node as a new energy-based metric when selecting the MPR node. Therefore, in EA-MPR, nodes announce their own willingness to serve as MPR according to their status in terms of lifetime and idle time. In our mechanism, five willingness levels are defined based on node's available energy reserves (Never "0", Low "1", Default "7", High "14" or Always "15"). Then, every node broadcasts its own willingness value W(i) to its neighbors via HELLO and TC messages.
B. Link Assessment Function
In the conventional MP-OLSRv2, the initial costs are treated equally for all links and assumed to be "1". However, in the proposed MBQA-OLSR, a new exponential link cost function is developed to determine the initial cost of each link according to the value of MCNR metric of both link ends nodes. The exploited exponential link cost function has the property that: a small change in MCNR metric of nodes for low utilized links produces only a small change in link cost, and a small change in MCNR for a highly utilized links can produce a huge link cost change; so it balances the load among all links.
The proposed link quality assessment function is used to determine the link cost (L cost) between any two nodes i and j depending on their MCNR values as follows:
where NRmax is the maximum value of node rank, NRmc(i) and NRmc(j) are the instant MCNR metric values of the nodes i and j, respectively and NRmc(i, j) is the rank of the link between both nodes i and j.
The exploited MCNR metric in our MBQA-OLSR scheme composes three metrics: the residual_battery (RB), the idle_ time (Tidle), and the queue_length (QL). The MCNR states the status of nodes in terms of their energy reserves, activity of nodes and degree of congestion. Due to limited space, we refer interested readers to [14] for details of the proposed techniques in our MBQA-OLSR hybrid multipath routing scheme.
IV. MBQA-OLSR IMPLEMENTATION
This section presents an example to verify and validate the implementation of the proposed MBQA-OLSR routing scheme using both mathematical and simulation models. Let us assume that a source node S tries to find multiple routes to a destination D as the topology illustrated in Fig. 1 . The MCNR metric for each node is estimated based on assumed values to reveal their ranks. According to MCNR values, the initial cost of links between each pair of nodes is estimated as shown in the figure. The cost functions are set by default to fp(c) = 3c and fe(c) = 2c where the penalty is applied to the used nodes in the previous path to obtain multiple node-disjoint paths. Once the Dijkstra Algorithm is used for the first time, the first path obtained is: S→A→B→D according to the total cost of the three node-disjoint paths between S and D, which is equal to "4.104". Then the incremental cost functions, fp and fe increase the cost of links. The costs of S→A, A→B, and B→D are multiplied by 3 using fp(c), and the costs of the other links are multiplied by 2 using fe(c). Then the Dijkstra Algorithm is applied again to find the second path S→C→E→D which has a total cost of "8.762". After that, the cost of links in the second path is multiplied by 3 using fp(c), while the costs of the rest links are increased by applying fe(c).
Thus, two node-disjoint paths are obtained using the multipath Dijkstra Algorithm from the perspective of the links quality based on the MCNR metric, and the most efficient and reliable path is selected first to be the primary path to provide a higher reliability for data transmission. The nodes G and F which have lower ranks (shorter lifetime, lower residual battery, shorter idle time, and longer queue length) compared to other nodes, will not selected in the constructed routes to the destination. A similar scenario has been created in EXata for verification and validation purposes using simulation models as shown in Fig. 2 . It is a representative example of several simulation tests that were carried out to verify and validate the functionalities of the proposed MBQA-OLSR routing scheme and proving the correctness of its implementation. In this scenario, node 1 is the source and it is trying to send packets to node 6 which represents the destination. Based on execution of this simulation scenario, MBQA-OLSR can find two paths between nodes 1 and 6. We have observed that the node ranks and willingness values are estimated based on their own resources. These values are identical with the calculated values using the mathematical formulas and algorithms of MBQA-OLSR. The proposed scheme is correctly exploited the different metrics that related to energy and QoS to ranks the nodes periodically based on their status. The test execution results also show how the willingness setting mechanism of the EA-MPR changes the nodes willingness to work as MPRs. For example, the MBQA-OLSR selects two node-disjoint paths to the destination. The first path is 1 → 2 → 3 → 6, which includes nodes 2 and 3 with the highest node rank and willingness values. The second path is 1 → 4 →5 → 6, which includes nodes 4 and 5 with an adequate status in terms of energy and congestion. However, the third path 1 → 7 → 8 → 6 is not selected because nodes 7 and 8 have the lowest ranks and willingness. They have the lowest values in terms of LT, T idle, and RB, and they have the longest QL. Therefore, the proposed MBQA-OLSR does not select these two nodes during route computation process to forward packets to the destination. This can provide evidence that the proposed scheme satisfies the design requirement and avoid the nodes with limited energy resources and high congestion degree.
V. SIMULATION AND PERFORMANCE ANALYSES
A. Simulation Model and Parameters
The simulation environment was designed to investigate the effectiveness of the developed MBQA-OLSR multipath routing protocol on the overall network performance. The simulation grid network topology was adopted from [6] , with 10 by 10 nodes (100 nodes) distributed uniformly on a square area of (1410 by 1410) m 2 . Therefore, in the adopted topology, every node has a sufficient number of neighbors with different degree of coverage [1] . For the purpose of study, the mobility of nodes was not considered. The initial battery energy is set to "15" mAh. Each source-destination pair had 2 CBR active sessions to give an incremental to 16 CBR flows. This simulation was conducted to evaluate the effects of traffic load in terms based on number of flows (CBR) on the considered protocols performance. Basically, the more number of flows, the more source-destination pairs are which increases the level of congestion in the network. Thus, the number of flows was varied from 4 to 16 CBR by gradually adding 2 flows. The details parameters that we used in our simulation are presented in Table I . A general decreasing trend in terms of PDR is observed for all protocols with increase in traffic load. Fig. 3 shows that the MBQA-OLSR ensures a higher PDR than that obtained by MPQ-OLSRv2 and MP-OLSRv2 and its superiority is obvious in the high traffic cases starting from 10 CBR. This is because the MBQA-OLSR avoids the selection of nodes with low rank values due to their low battery levels and long queue length. It benefits from the EA-MPR mechanism and MCNR metric to deal with such high traffic scenarios during MPR selection and route computation so more stable routes are constructed thus enhancing PDR. However, in the cases with traffic load up to 10 CBR, the PDR of the three protocols is close to 100%. In all cases, the MBQA-OLSR obtains a PDR more than 92% which could maintain the required level of QoS for reliable data delivery. According to [1] , most of applications require more than 80% PDR, to ensure the reliability of data delivery and QoS support, as expected in IoT scenarios such as healthcare. Thus, our proposed scheme MBQA-OLSR achieved the targeted optimal value that can provide a PDR higher than 80%. This could be attributed to the effectiveness of the developed scheme in selecting optimal route for data transmission. Fig. 4 shows the average time delay for transmitting packets from source to destination. Results depict that the MBQA-OLSR achieved the lowest delay (less than 100 ms) regardless the number of sources connected. Actually, this is an appropriate feature in real time applications which required a short average end-to-end delay. Both MP-OLSRv2 and MPQ-OLSRv2 have a higher end-to-end delay comparing to that of the MBQA-OLSR particularly in case with 16 CBR. The achieved delay by MBQA-OLSR in most cases is less than 100 ms and satisfies the Class A quality requirements according to ITU-T Recommendation G.144. That is means that the consideration of energy and QoS-aware metrics simultaneously allows MBQA-OLSR to avoid congested and low residual battery nodes, thus decreasing average delay. In the cases with low traffic load (less than 10 CBR), the average time in queue for all protocols is close to each other as shown in Fig. 5 . However, the MBQA-OLSR achieved 8 times lower average time in queue comparing with both MPQOLSRv2 and MP-OLSRv2 in the last scenario with 16 flows. This is because MBQA-OLSR avoids the congested nodes during route computation and selects the MPR set efficiently using the EA-MPR mechanism.
In general, network lifetime decreases as traffic load increases. This is because nodes deplete their energy faster by forwarding more data packets. Fig. 6 depicts the network lifetime with respect to the number of flows. In the low traffic load cases (less than 10 CBR), none of nodes drained its energy resources to zero, thus all protocols obtained network lifetimes higher than the simulation time (400 sec). It is obvious that the MBQA-OLSR provided the longest lifetime of the network in case of 10 CBR and above, because of its capability to balance traffic load among nodes according to their MCNR metric value in addition to inclusion of energy metric in selecting the nodes in the MPR set. However, in both MP-OLSRv2 and MPQ-OLSRv2, the MPR set of nodes consumes higher energy comparing with other nodes during topology information flooding because MPRs are selected based on their coverage degree of two-hop neighbors without any energy consideration. that the three protocols performed well in the low traffic scenarios (less than 10 CBR), and achieve almost the same energy cost per packet. However, MBQA-OLSR far outperformed both other protocols, especially in the last case with the highest traffic load (16 CBR). The exploiting energy and QoS awareness techniques enable MBQA-OLSR to transmit more data packets with less energy consumption, thus reducing the ECP. None of nodes was exhausted in the low traffic load cases as shown in Fig. 8 . This is because of the limited number of transmitted packets that consumed a small amount of energy in such cases. However, in the case with 10 CBR, some nodes are exhausted due to the increasing amount of energy consumption caused by increasing traffic load. The MBQA-OLSR decreased the number of dead nodes and only 5% of nodes are dead compared to 39% and 41% dead nodes in MPOLSRv2 and MPQ-OLSRv2 respectively in the case with 14 CBR. This is because MP-OLSRv2 and MPQ-OLSRv2 ignore the energy level of the node's battery during the selection of MPR set and the optimal paths to the destination. 
VI. CONCLUSIONS
This paper evaluates the performance of our MBQA-OLSR routing protocol which is developed to avoid the traffic congestion and reduce the energy consumption during routing and QoS in ad hoc networks. It modifies MP-OLSRv2 by introducing: (i) a new mechanism to estimate nodes willingness to be chosen as MPRs, and (ii) a new MCNR metric, with link quality assessment function to find multiple paths based on nodes battery energy, idle time and queue length. By conducting extensive simulation, the results show the effect of changing traffic load by increasing number of flows on the performance of the considered protocols. It can be concluded that MBQA-OLSR significantly outperforms both MP-OLSRv2 and MPQ-OLSRv2 in terms of QoS metrics as well as energy-related metrics specially in congested scenarios with high load traffic. In the future, we will continue evaluating our approach in different environment involving various network parameters.
